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Abstract
This study involves the investigation of domain wall formation
and its dynamics in CrO2 nanowires. High quality CrO2
nanowires were fabricated using selective area chemical vapor
deposition. The parameters for the selective area growth process
were optimized and wires were created with widths varying from
260 nm to 500 nm. To controllably pin domain walls notches were
created along the nanowires as artificial pinning centers. The
efficiency of pinning of domain walls was characterized by
magnetic force microscopy. To study domain wall dynamics the
magnetoresistance behavior of wires was characterized. For 500
nm wires without a notch the magnetoresistance values were
observed to be very different for easy and hard axis wires, which
is due to the difference in magnetic domain states. Angular
dependence of magnetoresistance measurements along easy and
hard axis shows that CrO2 has very strong in-plane
magnetocrystalline anisotropy and also suggests the presence of
vortex domain walls in such wires. Temperature dependence of
the switching field suggests that the magnetization reversal
process is thermally activated. Magnetoresistance measurements
on a 260 nm wide wire without a notch show that pinning is
dominating the magnetization reversal process, characterized by
discrete jumps in resistance.
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Chapter1
Introduction
Detailed understanding of current induced domain wall motion is required
for the field of spintronics [1]. Spintronics is the field where the spin of
electrons is used for information storage application. A domain wall is an
interface separating two magnetic domains with different magnetizations
and it can be moved by electrical current in a nanowire [6]. Movement
of domain walls can play a significant role in future data storage devices
where magnetic domains magnetized in different directions can represent
data bits. This concept is used in racetrack memory devices [1], which
have superior storage capacities to other conventional data storage de-
vices. An example of such a racetrack memory device is shown in figure
1.1.
By creating wires at nanoscale and designing artificial pinning sites
for domain walls, we can estimate the critical current densities needed
to move these domain walls. Our material of choice is half metallic fer-
romagnet CrO2 due to its 100% spin polarization [7][8]. This makes it
ideal for applications in spintronics. Due to high spin polarization it is
expected that the critical current density to move a domain wall lower for
CrO2 nanowires as compared standard ferromagnets (Co, Fe, Ni), which
reduces the heating, a challenging problem for spintronics.
This thesis includes fabrication of CrO2 nanowires and a study of its
magnetic properties using electron transport measurements. Firstly, we
discuss the fabrication of CrO2 nanowires. Various parameters were op-
timized at different stages of device fabrication to get high quality CrO2
nanowires with extended contact pads for electrical measurements. By
making different kinds of notches in the wires, we will be able to create
locations where domain walls can be pinned. The structure and the dy-
namics of a domain wall can be probed by magnetoresistance measure-
Version of August 2, 2016– Created August 2, 2016 - 15:14
3
4 Introduction
Figure 1.1: Racetrack memory consisting of a ferromagnetic nanowire with mag-
netic domains shown in blue and red representing two different magnetization
directions of the domain. When passing a current through the wire, the domains
will be moved (A,B). By designing a vertical racetrack (A), a 3 dimensional stor-
age device can be created which is very space efficient (E). Picture by Parkin et al.
[1].
ments. Domain walls can be characterized by examining the behavior of
resistance of a nanowire. This can be used as a stepping stone for probing
current induced domain wall motion.
4
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Theory
2.1 Magnetic domains
In a ferromagnetic material a magnetic domain is a volume with a simi-
lar magnetization. A piece of ferromagnetic material consists of multiple
magnetic domains. The magnetostatic energy is the energy that is stored
in the stray field between two opposing magnetic poles. The amount of
energy is determined by the path that the magnetic flux lines follow. In
a single domain volume, the amount of magnetostatic energy is high due
to the fact that the magnetic flux lines follow their path all the way out of
the volume to the other pole. This is shown in figure 2.1(i). To reduce its
energy, the volume could form multiple magnetic domains with opposed
magnetization instead of one large domain. In the latter case, the magnetic
flux lines would follow a path of lower reluctance due to the lines closing
at the poles of the adjacent magnetic domains [9]. This is shown in figure
2.1(ii).
The size of the magnetic domains is not only determined by the magne-
tostatic energy, but by the minimization of the total of magnetostatic, mag-
netocrystalline anisotropy, magnetoelastic and domain wall energies. The
magnetocrystalline anisotropy energy is defined by the structure of the
crystal and its direction dependency for magnetic properties. The magne-
toelastic energy exists due to the energy costs of small mechanical stresses
in the material that occur when changing the direction of magnetization.
The domain wall energy is caused by the presence of domain walls, the
interfaces between two magnetic domains [9].
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Figure 2.1: The addition of domains reduces the external stray field and thereby
the magnetostatic energy. Picture by Dissemination of IT for the Promotion of
Materials Science, University of Cambridge.
2.2 Domain walls
A domain wall is the interface between two magnetic domains with differ-
ent magnetizations within a ferromagnet. Inside the domains, all the spins
are oriented in the same direction. In the interface between two adjacent
domains, the spins rotate to the spin orientation of the other domain. An
example is shown in figure 2.2.
The width of the domain wall is determined by the minimization of
the magnetocrystalline anisotropy and exchange energies. To minimize
the magnetocrystalline anisotropy energy the spins tend to align with the
magnetic easy axis of the material. The easy axis is the preferred mag-
netization orientation caused by the specific crystal structure of the mate-
rial. For a 180 degree domain wall, this will result in as many as possible
spins aligned with the polarization directions of the two adjacent domains,
which are both aligned parallel to the easy axis, resulting in a minimal
width of the domain wall. To minimize the exchange energy, which is due
to the exchange interaction between two spins, the spins try to align with
their neighbors as much as possible. This prefers a larger width of the do-
main wall. This balance of magnetocrystalline anisotropy and exchange
energies will define the width of the domain wall.
6
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Figure 2.2: The domain wall has a certain width in which the spins rotate. Picture
by GITAM, Department of Engineering Physics.
2.2.1 Domain walls in nanowires
In nanowires which have a transverse cross-section with a high aspect ra-
tio, two types of domain walls will be formed. These two types of do-
main walls are either transverse or vortex domain walls. It depends on
the width and the thickness of the nanowire which type of domain wall is
formed.
Shape anisotropy prefers the spins to be aligned along the direction
of the wire. When the wire is oriented along the easy axis of the mate-
rial magnetocrystalline anisotropy will also cause the spins to be oriented
along this axis. When multiple domains are present in such a wire, this
will result in head to head or tail to tail domain walls, as shown in figure
2.3.
Figure 2.3: Schematic drawing of head-to-head (A and B) or tail-to-tail (C) do-
main walls in a nanowire.
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2.2.2 Transverse domain walls
In a transverse wall the spins rotate in a continuous way as shown in fig-
ure 2.4. This is to minimize the magnetostatic energy that increases by
having free magnetic poles at the edges. The direction of magnetization
in the middle of the domain wall is perpendicular to the direction of the
wire. The triangular shape of the domain wall is also caused by the mini-
mization of the magnetostatic energy [10].
Figure 2.4: Rotation of spins in a transverse domain wall. Picture by Laurson et
al. [2].
2.2.3 Vortex domain walls
For a larger wire width or thickness, the transverse domain wall will evolve
to a vortex domain wall, in which the spins in the core of the vortex are
perpendicular to the wire. A vortex domain wall will form because this
is preferable for minimizing the magnetostatic energy at the cost of high-
ering the exchange energies [10]. An example of a vortex domain wall is
given in figure 2.5.
2.3 Pinning of domain walls
Different effects can cause the pinning of domain wall motion. This can
be randomly distributed inhomogeneities such as grain boundaries, inclu-
sions, surface roughness [9]. At these places the domain wall is in a local
8
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Figure 2.5: Rotation of spins in a vortex domain wall. Picture by Clarke et al.
(edited) [3].
energy minimum.To study the domain wall dynamics in a nanowire, it is
preferred to pin the domain walls at specific locations and not at random
pinning sites. Therefore, an artificial notch is created in a nanowire at a
specific place which can be used as a pinning site in the nanowire. An ex-
ample of a notch in a nanowire acting as a pinning site is shown in figure
2.6.
Figure 2.6: Schematic of a notch in a nanowire acting as a pinning site for a head-
to-head domain wall.
Contribution of a domain wall to the total resistance can be negative
and positive. A negative domain wall resistance is due to the anisotropic
magnetoresistance, which depends on the angle between the spin polar-
ization of the current and the local magnetization direction. Positive do-
main wall resistance is also due to scattering of electrons passing through
the domain wall [11].
2.4 Current induced domain wall motion
There are multiple methods of moving domain walls in nanowires. Upon
application of a magnetic field the spins are affected by the Zeeman inter-
action, which exerts a torque on a magnetic dipole. In this way the spins
will align along the magnetization direction. The domain walls on both
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sides of the domain in a wire will move in opposite directions, making
either the domain grow or annihilate. For the purpose of storing data be-
tween domain walls one would want the domains to keep their sizes and
be able to move them in only one direction. This can be done by making
use of current-induced domain wall motion [6].
Current induced domain wall motion uses the spin-transfer torque ef-
fect. When we send a current through a nanowire, the current gets po-
larized. When an electron hits a domain wall, the magnetization of the
electron gets aligned with the direction of the local magnetization due to
the exchange interaction. However, due to the conservation of angular
momentum, the moving electrons will also apply a spin torque on the
electron spins inside the domain wall [6]. This causes the domain wall
to move opposite in the direction of the current. This process is shown in
figure 2.7.
Figure 2.7: Spin transfer torque effect causing current-induced domain wall mo-
tion. Picture by S. Maekawa, Tohoku University, Sendai, Japan.
10
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2.5 Chromium dioxide
CrO2 is a metallic ferromagnet, which makes it useful for spintronic appli-
cations. CrO2 is 100 % spin polarized, that means that it has only one type
of spins available at the fermi energy as shown in figure 2.8. As the spin
polarization is inversely proportional to the critical current density, which
is required to move a domain wall [12], a domain wall in CrO2 is expected
to move at low critical current density.
Figure 2.8: Electron band structure of (a) a ferromagnet and (b) a ferromagnetic
half-metal. P is the electron spin polarization. There is an energy gap for spin
down electrons at the Fermi energy. Image by NPTEL: Andreev Reflection at
ferromagnet and Superconductor Interfaces.
Another interesting property of CrO2 is that it has a strong magne-
tocrystalline anisotropy. Therefore it has a good defined magnetic easy
and hard axis.
However, CrO2 is metastable and reduces to Cr2O3 inevitably in am-
bient conditions.
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Experimental setup
3.1 Selective area growth of CrO2
In this section we will describe our method to create CrO2 nanostructures
using selective area growth (SAG). As can be deduced from the name,
CrO2 can be grown in specific areas using this technique. In this way we
can grow CrO2 in any desired shape.
CrO2 can be grown using only chemical vapor deposition (CVD) on a
substrates with similar crystal structure (TiO2 or Sapphire). On the areas
we don’t want to grow CrO2, we use a layer of SiO2 to prevent the growth
as CrO2 does not grow on SiO2 due to the amorphous nature of SiO2.
Patterned SiO2 was used as mask to grow CrO2 selectively.
We use a cleaned TiO2 wafer and treat it with HF to prepare the surface
of TiO2 prior to the CrO2 deposition. The treatment with HF will change
the smooth surface to a rougher surface with terraces along the crystal
easy axis, as we want to have nucleation sites for the growth to happen.
Next we sputter a 25-40 nm film of SiO2 on our TiO2 wafer. After this
the sample is cleaned again by acetone and isopropanol. Subsequently,
two layers of electron beam resist (PMMA: polymethylmethacrylate, 600
K) are spincoated. After each layer, the resist is baked for 2 minutes at
180◦C. Afterwards, a layer of conducting polymer is spun on the sample
by spincoating to prevent charging during electron-beam lithography (See
schematic in Fig figure 3.1.1).
To design the patterns we need to create our devices we use electron-
beam lithography. This method enables us to expose a certain area of the
sample with the electron beam. Post exposure, the exposed area of resist
changes its solubility by chemical modification. By washing the sample
after exposure with developer, only the exposed areas get washed away
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Figure 3.1: CrO2 wire creation process, image by C. Jansen (edited) [13].
and the PMMA remains on the non-exposed parts. This is shown in figure
3.1.2.
To create a SiO2 mask we use reactive ion etching (RIE). By using an
etching plasma with a mixture of different ions, the SiO2 layer gets etched
away at the places were the PMMA was removed. The etching process
consists of both chemical and physical etching. With chemical etching, the
ions react with the SiO2 layer. With physical etching, called sputtering, the
redeposited by-products of chemical etching are removed. The etching has
to be balanced in such a way, that all the SiO2 at these places is removed,
without damaging the TiO2 underlayer. On the places with PMMA, the
PMMA protects the SiO2 from getting etched. After etching, we created
trenches in the SiO2 mask, as shown in figure 3.1.3.
Next, the PMMA is washed off with acetone. Finally we are left with
Patterned SiO2 on TiO2 substrate. This is shown in figure 3.1.4. The reason
for not using PMMA as a mask for the CVD growth process is that the
temperature for CVD growth is too high for the PMMA to withstand. At
such temperatures, PMMA gets crosslinked, making it very hard to do any
further processing on.
Now the sample is ready for the growth of CrO2. For the deposition
of CrO2, we use a two zone furnace in which the substrate temperature
is kept at 390◦C and in which the temperature of the precursor is kept at
260◦C, with O2 as carrier gas (100 sccm). By heating the precursor, which
14
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consists of CrO3, the CrO3 vaporizes and thermally decomposes as CrO2
on the sample. Schematic of selective area chemical vapor deposition of
CrO2 is shown in figure 3.1.5.
After the selective area growth process, the growth quality of a nanowire
is examined by optical microscopy and SEM. We can already check the
quality of large CrO2 contact pads by optical microscopy. However, due
to the diffraction limit, the optical microscope cannot be used to study
the quality of our nanoscale wires. Therefore we use scanning electron
microscopy (SEM). In SEM, an electron beam is focused on the sample
surface exciting secondary electrons which can be detected. In this way,
an image of the surface of the sample can be constructed. The large range
of magnification possibilities down to nanometer precision combined with
the rapidity with which an image can be made, makes SEM an ideal method
for investigating the quality of our nanowires.
3.2 Liftoff process
For electrical measurements we need to add contact wires to the nanowire
to apply a current and measure the voltage. For this we design contact
pads of 200 µm squares. For applying a current, we create these contact
pads of CrO2 during the selective area growth process. These pads also
act as a charge reservoir and a nucleation pad for domain walls. Non-
magnetic voltage probes were needed to exclude any magnetic effect orig-
inating from other parts of CrO2 and measure only the part of the wire
between the voltage probes. As we want to measure only the difference in
potential across the wire, we add contact pads of silver. We use an extra
layer of superconducting molybdenum germanium (MoGe) for injecting
a supercurrent in CrO2 via the proximity effect. This is not necessarily
for this project. A schematic drawing of a typical nanowire device with
contact pads is shown in figure 3.2.
For adding contact pads to a nanowire, a bilayer PMMA (mol. wt. 600
K/ 950 K) was spincoated (figure 3.3.1). PMMA 950 K has a higher molec-
ular weight and therefore dissolves slower when developing. This creates
a so called “undercut”. When a metal is sputtered on top, the coating of
the sidewall of the PMMA is avoided and the PMMA can still be washed
away in the liftoff process which is described next.
Subsequently, we write the desired pattern using e-beam lithography
and develop it, as in figure 3.3.2. Now the device is covered with PMMA
except for the places where the contact pads are to be made. The next
step is sputtering a 75 nm layer of Ag and a 75 nm layer of MoGe over
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Figure 3.2: Typical setup for a nanowire device on a SiO2 coated TiO2 sample.
The blue parts consist of CrO2 and the square contact pads are used for contacting
to a current source. The grey parts consist of a Ag/MoGe layer and are used for
measuring the voltage between two points on the wire.
the whole area of the device as the sputtering process is not selective.
This step is shown in figure 3.3.3. The last step is washing the whole
device in acetone, which removes the PMMA layer under the Ag/MoGe
layer, thereby removing the unwanted Ag/MoGe that was sputtered on
the PMMA, leaving only the CrO2 device with Ag/MoGe contact pads.
This process is called the liftoff process and this step is shown in figure
3.3.4.
After the contacts are placed successfully, we bond our devices to the
chip holders, which connects the devices to the external electronics for
electron transport measurement.
16
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Figure 3.3: Liftoff process. Image by C.Jansen (edited) [13].
3.3 Magnetic characterization: MFM
We use two techniques to check the presence of a domain wall in our de-
vices. The first method is magnetic force microscopy (MFM), which probes
the domain wall directly. The second method is magnetoresistance mea-
surement, which electrically probes the magnetic properties of nanowires.
Magnetic force microscopy (MFM) enables us to see the presence of
domain walls in nanowires. MFM is based on the principle of atomic force
microscopy (AFM). With AFM, a very sharp tip positioned at the end of
a cantilever is used to scan the surface of a sample. We use a non contact
mode where the cantilever is oscillating at a given frequency. When the
tip scans the surface, the surface will interact with the oscillating tip as
the surface will exert different forces on the tip. Therefore the oscillation
frequency, amplitude and phase of the cantilever will be affected, which
can be measured for constructing an image of the surface of the sample. In
MFM we magnetize our tip and our sample and measure only the effect of
magnetic forces.
Before doing MFM, the sample has to be magnetized. By applying
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appropriate magnetic field, a device can be prepared in a multiple do-
main state with domain walls. Using MFM, domain walls and stray fields
around the notches can be seen by looking at the contrast, as described in
figure 3.4.
Figure 3.4: MFM imaging: (a) magnetization saturated in a 1 T field. (b) magneti-
zation saturated in a -1 T field. (c) Head-to-head domain wall at a notch, created
by applying a field of 12 mT. There are no domain walls in (a) and (b), only stray
fields are seen at the notch. Image taken from Biehler et al. [4].
3.4 Electrical characterization: magnetoresistance
MFM imaging on our devices show that a notch in a nanowire efficiently
pins a domain wall. Our next aim is to probe the structure and dynamics
of a domain wall as well as the magnetization reversal process in CrO2
nanowires using electron transport measurements. In magnetoresistance
measurements, the resistance of a nanowire is recorded while sweeping
the magnetic field.
Hysteretic behavior of magnetoresistance (MR) is an evidence of the
presence of domain walls inside a nanowire. Additionally, MR measure-
ments at different temperatures and field orientations serve as a tool to
characterize the switching field Hs of our nanowire device as well as pro-
18
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vides detailed understanding of the domain wall nucleation and dynamics
under these different conditions.
The switching field Hs is the field at which the net magnetization direc-
tion of the wire reverses. It is quantified by the peak position in the mag-
netoresistance plot. This peak is due to the large number of domain wall
which are created during the reversal process and give rise to majority of
domains aligned with the external field. During the reversal process, op-
positely magnetized domain walls propagate in opposite directions and
annihilate each other. This nucleation, propagation, and annihilation of
domain walls are characterized by a jump in the resistance. When efficient
pinning centers are present in the wire, the propagation of the domains
walls is stopped at the pinning cite and only continues when a higher ex-
ternal field is applied. In this way, the switching field is relevant for the
extent to which there is efficient pinning.
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Chapter4
Results
4.1 Device fabrication
In this section we describe the difficulties and problems faced during the
fabrication of CrO2 nanowire devices.
4.1.1 Electron-beam lithography
Dose is the most critical parameter which determines the proper exposure
of a pattern during the electron-beam lithography process. Therefore, it
is important to assign the right dose to a structure to be written. Too
low a dose causes underexposure which results in only partial removal
of PMMA after developing for a given time. However, too high doses re-
sults in overexposure, hence overdeveloping of the exposed area for the
same developing time. This leads to widening of a structure and loss of
fine features i.e. notch in a nanowire.
Because the dose is a sensitive parameter we need to ensure whether a
certain dose works out well for a given structure. To find optimum dose
for certain size and shape of a structure, we write dose tests on our sam-
ples. A dose test is a pattern which consists of a collection of nanowires
of different widths and geometries that we are interested in. For every
type of wire the dose is varied between 150 µC/cm2 to about 700 µC/cm2.
We determine the optimal dose required to get wire of high growth qual-
ity. For lower dose the structure is grainy and inhomogeneous, while it is
overgrown (wider than intended) for higher doses. In the corner of each of
our samples we wrote such a dose test to keep track of the optimum dose.
An example of such a dose test is shown in figure 4.1, where the dose
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varies from low to high from top to bottom for 500 nm wide nanowires
with multiple notches at the end.
Figure 4.1: SEM image of a dose test for 500 nm wires with different kinds of
triangular notches. The dose increases from top to bottom. In the top wire, it is
clearly seen that the dose is lowest as the wire is not fully grown.
Another reason for adding a dose test to our samples is to identify if
there was any problem with the exposure during e-beam lithography in
case, the devices, we are interested in, turn out to be grainy or overgrown.
By comparing a structure to a similar structure in the dose test we can
check if the poor quality growth was due to the fluctuations in e-beam
lithography parameters or it lies in a later stage, such as etching.
4.1.2 Reactive ion etching
After successfully growing CrO2 nanowires of good quality, we observed
that this good quality of growth was not sustainable. A wire, grown under
22
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equal conditions with the same e-beam lithography, etching and growth
parameters turned out to be of poorer quality than the wires grown before.
An example of “good quality growth” is shown in figure 4.2(A), where the
wire and the shape of the notch are very smooth, while an example of
bad quality growth is shown in figure 4.2(B), where the wire consists of
randomly oriented grains.
Figure 4.2: SEM image of CrO2 wire with (A) smooth and homogeneous, (B)
grainy and inhomogeneous growth.
This problem with CrO2 growth was observed after changing the tube
where the precursor and the sample holder are placed during the CVD
process. This problem could arise either due to a problem with the growth
set-up or with the etching of SiO2, which critically influences the quality
of growth. It could be that the SiO2 etching parameters were not in the
optimal range. To address this problem and decouple these two effects,
we decided to change all the necessary components of the CVD setup and
re-optimize the etching parameters.
The role of etching is to selectively remove the SiO2 layer at the places
where we want our CrO2 to grow. The etching parameters are very impor-
tant in determining the quality of the growth. The growth namely starts
at the interfaces between TiO2 and SiO2 [5], which is shown in figure 4.3.
Therefore, we need this interface to be as smooth as possible for a high
quality of growth.
First of all, we use different chemicals for etching. We used a mixture
of CF4 and O2 for reactive ion etching of SiO2. Later, for re-optimization
of SiO2 etch parameters we decided to use mixture of CHF3 and Argon
which is a more common way for etching SiO2 for selective area growth
[12]. Here CHF3 is used for chemical etching, as CHF3 reacts with the SiO2
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Figure 4.3: SEM images of L-shaped nanowires with a width of 2 µm for a (A)
lower growth time (B) higher growth time [5].
surface. The Argon ions are used for physical etching, i.e. the physical re-
moval of redeposited byproducts. As we changed the chemicals involved
in the etching process, we had to optimize the different parameters again
for the new chemicals.
There are two main parameters that play a crucial role in etching. The
first one is the flow rates of both the CHF3 and Argon gases and their
ratio. Optimizing this parameter determines the quality of the trench that
is made in the SiO2.
Another important parameter is the SiO2 etching time. This deter-
mines the depth of the trench. When this parameter is not optimized, the
sample can get underetched or overetched. Underetching means that the
sample is etched for a too short time, resulting in only partial removal of
the SiO2 layer, hence there will be no growth as CrO2 only grows on TiO2.
Overetching means that the trench is made too deep, so that the surface of
the TiO2 is damaged in a way that the CrO2 cannot grow nicely on top of
it. This will result in very grainy and inhomogeneous growth.
Now we discuss the optimization of flow rates for CHF3 and Argon
gases and their ratio. We varied the CHF3 and Ar etching for a fixed time
of 3:00 minutes. To see the effect of CHF3 and Ar, we varied the relative
amount of both the gases in the mixture (see figure 4.4 for details). The
SEM images of the CrO2 structures grown in SiO2 trenches, obtained with
different etch parameters (figure 4.4) are shown in figure 4.5. By compar-
ing the quality of growth in figure 4.5(A) and (B), we conclude that varying
the CHF3 gas flow from 0 sccm to 30 sccm doesn’t affect the growth. The
24
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Figure 4.4: Table with combinations of flow rate ratios used in RIE etching.
other conclusion that can be drawn is that the growth in 4.5(D) (for Argon
20 sccm) looks best of the whole test. As the effect of varying the Argon on
growth is more drastic, we can say that Argon is dominating the etching
process. To improve the quality of growth, we want to be in the regime
around Argon 20 sccm, but as Argon 25 sccm gives a very grainy growth,
we want to do some tests for Argon lower than 20 sccm. For the next test
we decided to see the effect of reduced Ar content (10 sccm and 15 sccm)
on CrO2 growth.
We emphasize that for (A) the exact flow rate of Ar is not known but it
is certainly equal or less than 30 sccm. Fortunately, this does not change
our conclusion described above.
Our next concern is the ratio of CHF3 to Ar. The optimal ratio for bal-
ancing chemical and physical etching for SiO2 for Selective Area Growth
of CrO2 gives 1:1 [12]. We decided to keep the same ratio (1:1) for Argon
and CHF3 both at 10 and 15 sccm. For this second test, we can also try to
vary our second parameter, the etching time. We decided to choose etch-
ing times of 2:00 min, 3:00 min and 4:00 min. The different parameters for
this second etching test are shown in the table in figure 4.6. For the 2:00
min and 3:00min test, we used a bilayer of PMMA 600 K .4 µm thickness.
For the 4:00min test, we used a trilayer of PMMA 600 K .4 µm thickness,
as a 4:00 min etching time is usually too long for a bilayer PMMA.
After optimization of the growth (see section chemical vapor deposi-
tion) we compared the growth of different sets of 100 nm wires as shown
in figure 4.7. It can be concluded that the quality of the CHF3:Ar::15:15
wires look better than the quality of the CHF3:Ar::10:10 wires which seem
to be grainy or broken for etching times of 4:00 min and 3:00 min, as shown
in figure 4.7(A) and (B). For the 15:15 ratio we find that the etching times
are not that critical. We prefer to use a bilayer of PMMA as this saves time
in the sample production process and as with a thinner layer of PMMA,
smaller structures created with e-beam lithography tend to work out bet-
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Figure 4.5: SEM images with growth results for different flow rate ratios of CHF3
and Argon in sccm.
ter. Therefore, we concluded to continue with an etching time of 2-3 min-
utes on bilayer PMMA for the ratio CHF3:Ar::15:15.
Although the quality of growth after this optimization was much better
than before, the quality was still not stable. Sometimes we got very smooth
wires and structures, while other times the structures were still somewhat
grainy. The etching time got optimized further to 2:15 min. We also con-
cluded that adding a little bit of oxygen to the gas flow would increase the
quality of the CrO2 growth, as oxygen is very useful for removing small
PMMA rests that could be left.
Therefore we added to our recipe 5 sccm of oxygen. Now we adjusted
our recipe to CHF3:Ar:O2::15:15:5 for 2:15 min. After adding the oxygen,
the quality and smoothness of our structures further improved. However,
26
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Figure 4.6: Table with combinations of etching times and gas flows in RIE etching.
there is small variance in the quality of the growth and this can be due to
fluctuations in the quality of trenches created in the e-beam lithography
and etching processes. For example, a varying beam current during the
electron-beam exposure could mean fluctuations in the exposure of the
PMMA. Therefore, other amounts of exposed PMMA are removed while
developing and therefore the quality of the trench after etching can again
be different. This will result in a slightly different quality of growth. As
the whole sample fabrication is a cumulative process, it is often hard to
find the exact cause of fluctuations in the growth. As the growth is the
last process in a chain of multiple operations to the sample, the cause of a
fluctuation can lie in every prior operation to the sample. This makes the
whole process of sample fabrication highly sensitive.
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Figure 4.7: SEM images with growth results for 100 nm wires for different flow
rates of CHF3 and Argon in sccm with varying etching times.
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4.1.3 Chemical vapor deposition
Beside the quality of the trench that is determined by etching, also the
CVD growth setup plays a role in the quality of the growth. Moreover, the
quantity of growth is determined by the growth time. The growth time
determines the amount of CrO2 that is deposited. However, there is no
linear relationship between the growth time and the deposited height of
the CrO2 [13]. For our structures we typically use a growth time of 60
minutes. A lower growth time results in wires that are not fully grown
yet, usually consisting out of grains that tend to connect with each other
when continuing the growth process. A longer growth time than is needed
results in an overgrowth. This makes the structures larger than the original
trench, as the structures tend to grow out of their trench.
When changes are made to the growth setup, this can have a big effect
on the quality of growth and whether there is a growth at all. To find
whether the uncertainty in the growth quality is due to the bad choice
of etching or growth parameter, we decided to optimize both of them.
The optimization of etching is described in the section above. The reason
to suspect the growth set-up was observing a poor quality growth after
replacing the glass tube, housing the precursor and the sample holder of
our CVD set-up. Replacement of the tube shouldn’t normally make that
much a difference, as there is no change made to the setup itself. As we
wanted to be sure that the problem was not with the malfunctioning of the
setup, we changed nearly every part of the CVD setup: namely the tube,
the precursor and the O2 gas cylinder.
Despite above changes to the set-up, no growth was observed. SEM
imaging on that sample showed empty trenches, as shown in figure 4.9.
This was a strange occurrence and we decided to try the growth on a blank
TiO2 wafer to confirm that the problem was with the growth setup itself
and exclude the possibility of mistakes in previous steps, such as the etch-
ing. On blank TiO2 a full film of CrO2 is expected to grow, covering the
whole substrate. To ensure a proper growth, we changed different compo-
nents of the CVD set-up.
After changing the precursor, it needs to be cured at 260◦C for at-least
3 hours for proper conditioning. Before that, no growth is observed. Pre-
viously, the glass tubes were just rinsed with water/ethanol, but this time
we adopted a more thorough cleaning (detergent) process to avoid any
adverse effect caused by the tube itself. With all the above preparations,
related to growth, we observed high quality growth.
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Figure 4.8: Cross sectional SEM image of a dose test where the trenches after
growth seem to be empty.
4.1.4 Sputtering contacts
With a proper exposure and developing of structures, we observed that
sputtered Cu/MoGe had better adhesion with SiO2 as compared to Ag/MoGe.
Therefore, we changed from using silver to copper.
4.1.5 TiO2 problems
Recently, we started using new batch of TiO2 substrates (from the same
company) and sputtered SiO2 on it. The SiO2/TiO2 surface looked dif-
ferent than the previous ones. Strangely, we didn’t observe any growth
on two patterned TiO2 substrates (new batch). We decided to try the
growth on a blank TiO2 wafer of this set, which too didn’t show any sign
of growth. Immediately after we tried to grow on TiO2 (previous batch),
the growth was successful.
Furthermore, the SiO2 had some adhesion problem with new TiO2
substrates, as it came off during developing (figure 4.9). Another device
showed the same problem during the cleaning after etching followed by
patterning (figure 4.10). We observed that the growth of the CrO2 on this
30
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last sample was also not limited to the trench, but that there was CrO2 film
deposition on the areas where we would expect to have a SiO2 layer and
hence no CrO2 growth.
These unexplained problems raise high doubts about the new TiO2
substrate used. During all the other processes such as the sputtering of
the SIO2 layer, the e-beam lithography, developing, etching and growth,
there seemed to be no error made.
Figure 4.9: Optical microscope image of the SiO2 layer with patterned PMMA
letting loose of the TiO2 underlayer while washing after developing.
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Figure 4.10: Optical microscope image of CrO2 growth on structures while the
SiO2 layer is coming off after washing.
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4.1.6 Damaging of CrO2
While the CrO2 nanowires are created by a very sensitive process, the
quality of the grown wires also degrades with time. This was found out
after imaging the same device after it was kept for more than a month
in a closed sample box ambient condition. A SEM image of one of our
nanowire devices is shown in figure 4.11.
Figure 4.11: SEM image of (A) a CrO2 nanowire with notch and contact pads
(horizontal) (B) Magnified view of the notch.
As shown in figure 4.11 the wire and notch quality was very good as
the wire is very smooth and the shape of the notch worked out well. 35
days after the growth, we bonded this device for the electrical measure-
ment, but it didn’t show any electrical continuity. To identify the cause,
we imaged this device using SEM. The SEM images (figure 4.12) show that
the wire is damaged on the weaker parts of the wire, i.e. at the notch and
the parts of the wire with contact pads. As can be seen in figure 4.12(D),
it seems the wires are blown up. This could be attributed to the aging
and electrostatic discharge. Over time, the stress accumulated at the con-
tacted part of the wire may result in a weak link formation which is prone
to electrostatic discharge. It is therefore always important to use a proper
grounding when bonding a device.
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Figure 4.12: (A,B): SEM image of a 35 days old and contacted CrO2 nanowire with
notch after bonding, and (B) magnified view of the nanowire near the contact
pads, and (C) magnified view of notch.
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4.2 Magnetic characterization: MFM
In this section we will describe the MFM imaging on 500 nm wide nanowires.
The reason we do MFM imaging on our samples is to show that pinning
of domain walls is done efficiently at the notches. The wires on the sample
were oriented along the magnetocrystalline easy axis (001 crystalline di-
rection). To prepare the sample with many domain states, we first sweep
the field to +1 Tesla and then sweep it back to -8 mT. Therefore, notches
acting as pinning sites could easily be recognized with MFM imaging, as
domains walls could get pinned at the notches.
In figure 4.13 a MFM image is made of a 500 nm nanowire with differ-
ent kinds of triangular notches. The wire itself is the darker area between
the bright stripes. In this darker area there are again brighter and darker
areas alternating along the y-direction. We see that these lighter areas oc-
cur only near the notches. These are actual domain walls being pinned
at the notches. The darker areas are the magnetic domains that are mag-
netized in similar direction. In the figure also a drawing is made of the
outlines of the nanowire to clearly show where the notches are positioned.
When there is a notch and there is no domain wall pinned at this place,
we will only see signs of stray fields at the notch. This is reflected as ap-
pearance of dark and bright spots together across the notch, showing the
closing of field lines. An example of such stray fields is shown in figure
4.14.
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Figure 4.13: (A) MFM image of a 500 nm nanowire with different kinds of trian-
gular notches. Domain walls are present in the brighter areas inside the wire. (B)
Schematic drawing of the shape of the wire.
Figure 4.14: MFM image of a notch in a nanowire where there is no domain wall
pinned. We see signs of stray fields at the notch interfaces, represented by the
lighter area.
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4.3 Electrical characterization: magnetoresistance
4.3.1 MR on 500 nm wires without notch
We performed magnetoresistance measurements on the wires aligned along
easy [001] and a hard axis [010]. These measurements were done for in-
plane and out of the plane orientations of magnetic field at different tem-
peratures. For the in-plane magnetization we always applied the magnetic
field along the easy axis of the wire (θ = 0◦). The plane is spanned by the
sample surface. We applied a small current of 10 µA through the CrO2
contact pads. The devices were first saturated with negative field 400 mT
and swept the back to + 400 mT in steps of 10 mT. The resistance was
measured between voltage probes. In figure 4.15 the magnetoresistance
measurement is shown for out-of-plane applied field at a temperature of
10 K for an easy and hard axis wire. The reason for random stop at the
left side of the graph is that the field sweep was not completed. We em-
phasize that the difference in MR values (higher for wire along hard axis)
of the wires in due to the difference in their magnetic domain states. It is
well established that the wires along the hard axis have ‘striplike’ domain
patterns while it is absent in wires along easy axis, as shown in figure 4.16.
Version of August 2, 2016– Created August 2, 2016 - 15:14
37
38 Results
Figure 4.15: Magnetoresistance for an out-of-plane applied field for 500 nm wide
wires aligned along easy and hard axis.
Figure 4.16: MFM picture of domain patterns along easy and hard magnetocrys-
talline axis.
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4.3.2 Anisotropicmagnetoresistance and vortex domainwalls
Figure 4.17 shows MR measurements on wire along easy axis for in-plane
and out-of-plane orientations of field at a temperature of 10 K. We ob-
serve that the resistance for the in-plane magnetization measurements is
found to be higher than for the out-of-plane measurement. This is due to
the anisotropic magnetoresistance, which depends on the angle θ between
the current direction and the external magnetization [10]. The anisotropic
magnetoresistance is maximal when θ = 0◦ and minimal when θ = 90◦. As
the magnetization direction in-plane is along the easy axis and the current
direction in an easy axis wire is also along the easy axis, θ = 0◦, resulting
in a higher resistance as can be seen in the equation below.
Furthermore, we observe that the switching field for θ = 0◦ is lower
(about 20 mT) than for θ = 90◦ (about 100 mT). Other measurements are
done previously where it was shown that the switching field increases
monotonically with the angle θ until 90◦, where it is symmetric around
θ until 90◦ and θ = 0◦ [14]. This suggests the presence of vortex domain
walls in 500 nm wires, which is expected [14]. This also implies that the
magnetization reversal in these nanowires is accompanied by curling ro-
tation [14].
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Figure 4.17: Magnetoresistance for an easy axis 500 nm wire for in-plane and
out-of-plane applied field at 10 K.
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4.3.3 In-plane anisotropy
CrO2 has an in-plane magnetocrystalline anisotropy and the net magne-
tization prefers to point along crystallographic direction [001] (easy axis).
This means that it is easiest to magnetize a CrO2 wire along the easy axis
and harder for other directions. Figure 4.18 shows MR curves for in-plane
applied field (both easy and hard axis wires) and for perpendicular ori-
entation (hard axis). We observe that the switching behavior (in-plane) is
more abrupt (steep slope of MR curve around Hs) for the easy axis wire
than that of a hard axis wire, as expected. For the out-of-plane configura-
tion, resistance varies gradually with field giving rise to broad peak in the
MR curve. Comparison of these situations indicates that CrO2 has very
strong magnetocrystalline anisotropy.
Figure 4.18: Magnetoresistance for easy and hard axis 500 nm wires for in-plane
and out-of-plane applied fields at 10 K.
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4.3.4 Magnetization reversal
Finally, the magnetoresistance measurements (perpendicular field) on a
hard axis wire for different temperatures are shown in figure 4.19. Though
the data is noisy at 250 K, it is clear that switching field for the 250 K is
about 80 mT and it increases to 110 ± 10 mT with decrease in temperature
(10 K). This confirms that magnetization reversal is actually thermally ac-
tivated [14]. The same behavior was also observed along easy axis (data
not shown here).
Figure 4.19: Magnetoresistance in perpendicular field for hard axis wire at 250 K
and 10 K.
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4.3.5 MR measurements on 260 nm wide nanowire
We measured a 260 nm wide nanowire (without notch) along the easy axis
at 100 K with field applied at θ = 0◦. Such narrow wire was measured
for the first time in our lab. Reports on other CrO2 wires of about this
size have been done before, but at different temperatures [12]. We swept
the field for different ranges with different step sizes. In figure 4.20, dif-
ferent MR measurements on the same wire are shown. Here, the data is
only shown for the magnetic field sweep from the negative to the possitive
(forward sweep). The MR signal for the backward sweep was very noisy.
Clearly, the MR behavior of a narrow wire is very different from the wider
wires. It consists of discrete repeatable resistance jumps with constant size
(5 Ohm) at random field strengths. We believe that the magnetization re-
versal process is dominated by nucleation, propagation and annihilation
of domain walls between the contact pads in the presence of pinning sites.
Such process is identified by jumps in the resistance [15]. This could be
due to pinning dominated reversal process, where randomness in the oc-
currence of the jumps could be attributed to the random distribution pin-
ning centers. We need to quantify the number of domain walls between
the voltage probes and individual domain wall resistance and compare it
to the resistance jump. However, to ensure that the reversal is not ther-
mally activated but is dominated by shape anisotropy (strong pinning)
more measurements need to be done, i.e. Temperature dependent MR
measurement.
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Figure 4.20: Various magnetoresistance measurements for 10 K, in-plane mea-
surements on a 260 nm wire without a notch
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Conclusion
We learned all possible steps required to fabricate a nanoscale device and
optimized the CrO2 nanowire fabrication, which makes use of the selec-
tive area chemical vapor deposition technique. By optimizing Reactive
Ion Etching of SiO2 and growth parameters we were able to obtain high
quality CrO2 nanowires.
We created 500 nm wide nanowires with triangular notches and showed
using magnetic force microscopy that pinning of domain walls at the notches
was efficient.
Angular dependent magnetoresistance measurements for 500 nm wide
wires (without notch) not only indicate the presence of vortex domain
walls, but also suggest that CrO2 has a strong in-plane magnetocrystalline
anisotropy. We observed that magnetoresistance values were very differ-
ent along the magnetocrystalline easy and hard axis. These wires exhib-
ited thermally activated magnetization reversal.
MR measurements on a 260 nm wide nanowire were found to display
pinning dominated reversal process, characterized by discrete resistance
jumps. This could be due to nucleation, propagation or annihilation of
domain walls between the voltage probes.
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Chapter6
Outlook
Measurements on 260 nm wide nanowire are not enough to conclude that
the reversal is pinning dominated. To establish it, temperature dependent
MR measurement is required. Also, the resistance jump can be quantified
in terms of domain wall resistance by further analyzing the data.
It would be interesting to study current induced domain wall motion
and to determine the critical current density which is required to move
vortex and transverse domain walls in CrO2 nanowires. This can be done
by sweeping a current through the nanowire. At the critical current den-
sity a jump in the resistance is expected. The critical current density of
CrO2 is expected to be lower than other materials due to its fully spin po-
larized nature. A discrete jump in resistance is the characteristic of domain
wall moving in and out of the nanowire between the voltage probes. Us-
ing a pulse-current the heating effect can be minimized and domain wall
velocity can be quantified when combined with MFM. By studying the
jumps in resistance, domain wall resistance can be estimated.
Another interesting question is what would happen if a supercurrent
passes through a domain wall. Either, it would be destroyed by a domain
wall, or it would just neglect the domain wall. Another possibility is that
a supercurrent can move a domain wall. This would be a big step towards
realizing superspintronic devices, where magnetization of a nanomagnet
can be manipulated by a spin polarized supercurrent without dissipation.
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Appendix I: CrO2 nanodevice
sample recipe
In this appendix, all the optimized specifications of the nanodevice fab-
rication will be given. This recipe is the upgraded version of an earlier
composed recipe [13].
TiO2 substrate
CrysTec TiO2 (100) 5x5x0.5 / 7x7x0.5 mm
Cleaning and HF-treatment
Process in class 10000 cleanroom
Ultrasonic cleaning of the substrate:
Acetone 3:00 min
Isopropanol: 3:00 min
Water 3:00 min
HF treatment: put in HF 25% for 5:00 min
Rinse with water
Ultrasonic cleaning:
Water 1:00 min
Acetone 1 :00min
Isopropanol 1:00 min
Water 1:00 min
Sputtering SiO2
Used machine: Leybold LH Z-400, with a SiO2 target
Presputtering for 5:00 min
SiO2 25-40 nm
Gas flow: Ar 50 sccm
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DC: 1.0 kV
Electron-beam lithography: first layer
Process in class 10000 cleanroom
Spin-coating: 2x PMMA 600 K 0.4 µm, conducting polymer
Used machine: Raith 100 EBPG
Base dose 250 µC/cm2 for large (> 5µm)
Base dose 150 µC/cm2 for small structures (< 5µm)
Reactive ion etching
Process in class 10000 cleanroom
Power: 100 W
Plasma: 15:15:5 Ar:CHF3:O2
Pressure: 30 mTorr CHECK
Etching time: 2:15 min
Chemical vapor deposition
CrO2 Depositing Machine: Lindberg Blue M - TF55035C-1
Depositing time: 60:00 min
Oxygen flow: 100 sccm
Electron-beam lithography: second layer
Process in class 10000 cleanroom
Coating: PMMA 600 K 0.4 µm, PMMA 950k 0.25µm, conducting polymer
Used machine: Raith 100 EBPG
Dose 250 µC/cm2
Sputtering contacts
Used machine: Leybold LH Z-400, with a Cu, MoGe target
Presputtering Cu and MoGe 5 min
Cu 75 nm
MoGe 75 nm
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